ABSTRACT: Restrictocin, a member of the R-sarcin family of site-specific endoribonucleases, uses electrostatic interactions to bind to the ribosome and to RNA oligonucleotides, including the minimal specific substrate, the sarcin/ricin loop (SRL) of 23S-28S rRNA. Restrictocin binds to the SRL by forming a ground-state E:S complex that is stabilized predominantly by Coulomb interactions and depends on neither the sequence nor structure of the RNA, suggesting a nonspecific complex. The 22 cationic residues of restrictocin are dispersed throughout this protein surface, complicating a priori identification of a Coulomb interacting surface. Structural studies have identified an enzyme-substrate interface, which is expected to overlap with the electrostatic E:S interface. Here, we identified restrictocin residues that contribute to binding in the E:S complex by determining the salt dependence [∂ log(k 2 /K 1/2 )/∂ log [KCl]] of cleavage of the minimal SRL substrate for eight point mutants within the protein designed to disrupt contacts in the crystallographically defined interface. Relative to the wild-type salt dependence of -4.1, a subset of the mutants clustering near the active site shows significant changes in salt dependence, with differences of magnitude being g0.4. This same subset was identified using calculated salt dependencies for each mutant derived from solutions to the nonlinear Poisson-Boltzmann equation. Our findings support a mechanism in which specific residues on the active site face of restrictocin (primarily K110, K111, and K113) contribute to formation of the E:S complex, thereby positioning the SRL substrate for site-specific cleavage. The same restrictocin residues are expected to facilitate targeting of the SRL on the surface of the ribosome.
Coulomb interactions between cationic protein residues and the anionic phosphodiester backbone of RNA and DNA facilitate binding of many proteins to nucleic acids. Such interactions give rise to the characteristic salt dependencies of binding, which change upon mutation of the participating protein residues (1) (2) (3) . Tracking salt dependencies thus provides a powerful approach by which to identify residues involved in protein-nucleic acid recognition. There is a paucity of relevant studies for RNA-protein interactions because of the dual requirement for structural studies that identify candidate surface contacts and solution studies that pinpoint functionally important contacts and evaluate their contribution. The site-specific ribotoxin restrictocin is an ideal candidate for study because it exploits electrostatic interactions for activity (4) and it is sufficiently well characterized structurally (5, 6) and kinetically (7) .
The cationic ribotoxin restrictocin is a member of the R-sarcin family of fungal ribotoxins that target the conserved sarcin/ ricin loop (SRL) 1 in 23S-28S rRNA (reviewed in refs 8 and 9). Cleavage of a single bond within the SRL disrupts binding of elongation factors to the ribosome, halts protein synthesis, and ultimately triggers apoptotic cell death (10) . Structural and functional studies have been aided by the use of minimal RNA oligonucleotide substrates that contain the SRL sequence and undergo site-specific cleavage by the ribotoxins. The SRL folds into two motifs: a GAGA tetraloop and a bulged G motif (11) (12) (13) (14) . Both motifs contribute to ribotoxin recognition (7, 15) , and cleavage occurs within the tetraloop.
Wool and colleagues demonstrated that salt inhibits both specific cleavage of the ribosome and nonspecific cleavage of poly(A) by R-sarcin (86% identical to restrictocin in sequence) (16) . To explore the nature of this electrostatic effect, the salt dependence of restrictocin was determined using eq 1 (4): (2) . Cleavage of the minimal SRL substrate by restrictocin is salt-dependent (n ) -4.1), consistent with electrostatic forces providing a major contribution to enzyme-substrate binding (4) . Unexpectedly, the stability of the resulting complex appears to have little dependence on nucleotide sequence or structure. All nucleic acid substrates tested that were at least 25 nucleotides in length bound to restrictocin with the same affinity as the SRL. These findings suggest that nonspecific electrostatic interactions drive the formation of the enzymesubstrate complex (designated herein as E:S). An ensemble of different RNA-protein complexes best represents the nonspecific nature of these electrostatic interactions.
Cocrystal structural studies of restrictocin bound to substrate analogues identify one enzyme-substrate interface (6) . The number of observed salt bridges between cationic residues and RNA phosphates (between one and three depending on the structure used) qualitatively agrees with the salt dependence data; however, it is unclear whether the crystallographically defined contacts reflect those found in the ensemble of E:S complexes, given the lack of substrate specificity in this complex. Moreover, there is no indication of which residues contribute to the Coulomb interactions in the E:S complex because the 22 cationic residues of the 149-amino acid restrictocin are dispersed throughout its surface. However, due to the requirement for subsequent substrate docking into the active site, the E:S interface is expected to overlap with that observed in the crystal structures.
To begin exploring the contribution of surface residues to substrate binding, we mutated three cationic residues located outside the crystallographic SRL-restrictocin interface to aspartate: R21, K28, and R63. R63 is located near the edge of the interface, whereas R21 and K28 are located on the opposite face of the protein (4). Negligible effects on k 2 / K 1/2 for the SRL substrate were observed for K63D, R21D/ K28D, and R21D/K28D/K63D. Additionally, the R21D/ K28D/K63D triple mutant had the same salt dependence (n) as wild-type restrictocin for SRL cleavage but had a reduced salt dependence for cleavage of the ribosome. These data raise the possibility that restrictocin forms the electrostatic E:S complex in an oriented fashion, using residues on the active site face to interact with the substrate.
To test this hypothesis, we identified residues that contribute to binding in the electrostatic E:S complex by determining the salt dependence for eight mutants designed to disrupt interface contacts. Five mutants within the RNA-protein interface show a significant change in salt dependence, demonstrating that these residues make electrostatic contributions to formation of the E:S complex. Mutation of residues outside the interface exhibited no change in salt dependence (4) . These findings support the view that restrictocin uses residues on its active site face to form electrostatic contacts to the SRL substrate in the initial E:S complex.
MATERIALS AND METHODS
Expression and Purification of Restrictocin. The restrictocin gene from Aspergillus restrictus was cloned into the periplasmic expression vector pEH-T1 (gift of C. N. Pace, Texas A&M University, College Station, TX) to create pREST. Amino acid substitution mutants were created via site-directed mutagenesis of pREST. Proteins were expressed and purified as described previously (7) with the following change: SP Sepharose FF cation exchange resin (Amersham) was used in 15 mM MES (pH 6.0). Proteins were stored at 4°C in 10-15 mM Tris (pH 7.5) at concentrations of g2 µM.
Selection of Residues for Mutation. Three structures were used to identify residues located within the RNA-protein interface (6): the "bound" structure (PDB entry 1JBS), which shows sequence-specific contacts to the bulged G motif; the "misdocked" structure (PDB entry 1JBR), which shows substrate contacts within the active site; and a model of a "correctly docked" complex, which incorporates elements of both the bound and misdocked structures.
Kinetics Measurements. SRL RNA was synthesized by Dharmacon and purified by nondenaturing 20% PAGE. Reactions were performed as described previously (4) . The salt dependence, n, for each mutant is the slope of a plot of log(k 2 /K 1/2 ) versus log[KCl] (eq 1). For each mutant, error values for n are the standard deviation of at least three independent determinations of n. For ∆n values that arose from a difference between two mean values of n, significance was tested at the 99% confidence level using a Student's t test.
Electrostatic Calculations. Numerical solutions to the nonlinear Poisson-Boltzmann equation were determined using APBS (17) . Atomic charges were assigned with PDB2PQR (18) using the AMBER force field (19) . Protonation states were assigned at pH 7.5 using PROPKA (20) . The protein and RNA molecules were assigned a low dielectric constant of 2.0 with a solvent dielectric constant of 78.0. Ionic radii of 3.3 Å were used, corresponding to the radius of a hydrated potassium ion. The multigrid solution used a grid size of 161 × 161 × 161 and a solvent radius of 1.6 Å. Binding energies for each RNA-protein complex are the differences between the calculated electrostatic energies of the individual molecules and that of the bound complex. Calculation of the complex energy (E, kilojoules per mole) at multiple salt concentrations ranging from 40 to 100 mM enabled subsequent determination of the salt dependence from a plot of -E/RT versus the natural logarithm of the salt concentration, where T ) 310 K.
RESULTS
To identify residues that contribute to formation of the E:S complex, we created eight mutants of residues within Scheme 1 the crystallographically determined RNA-protein interface (Materials and Methods): D40A, K42A, Y47F, H49A, K110A, K111A, K113A, and D143A. The anionic residues form direct and solvent-mediated substrate contacts. D40 forms an outer sphere coordination to a potassium ion located in the tetraloop of the SRL. D143 is the only other anionic residue that interacts with the substrate in any of the available structures. Cationic residues K42, K110, K111, and K113 form contacts to the SRL. K110 and K111 form salt bridges to phosphate oxygen atoms of the SRL RNA (>3.4 Å). Given its location, K42 is also expected to form a strong electrostatic interaction with the backbone (3.7 Å). In contrast, K113 is expected to form longer-range electrostatic interactions (∼6.6 Å). K110, K111, and K113 form contacts to the bulged G motif, with K113 forming sequence-specific contacts to the bulged G. Y47 and H49 are in the active site. H49 is expected to carry a partial positive charge because its measured pK a of 7.7 in the presence of a dinucleotide substrate (21) is similar to the pH of 7.5 that was used in the assays. In contrast, Y47 is not charged and serves as a control.
To test if the targeted residues affect formation of the E:S complex, we determined the change in salt dependence for SRL cleavage by mutants at these positions [∆n ) n Wtn Mut (Table 1 and Figure 1) ]. Cleavage of a 32 P-labeled SRL oligonucleotide was performed at 37°C under k 2 /K 1/2 conditions (E 0 , K 1/2 , and S 0 , E 0 ) in 10 mM Tris (pH 7.5) containing 0.05% Triton X-100 and 30-100 mM KCl. Other chloride salts show equivalent salt dependence for formation of the E:S complex (NH 4 Cl and LiCl; supplementary Figure 2A,B in ref 4) . The salt dependence of each mutant, n, is the slope of a plot of log k 2 /K 1/2 versus log[KCl]; the value of n was then subtracted from that of the wild-type protein to yield the change in salt dependence, ∆n, for each mutant. Mutation of a cationic residue that contributes to binding is expected to produce a smaller salt dependence (∆n > 0) because fewer cationic residues are available to interact with the anionic RNA substrate and therefore displace fewer anions from the RNA surface upon complex formation. Conversely, mutation of an anionic residue that contributes to binding is expected to produce a greater salt dependence (∆n < 0) because the net increase in positive charge strengthens the interactions with RNA and requires displacement of a greater number of ions from the RNA surface upon binding. Removal of a single protein charge from RNA-protein interfaces produced ∆n values of ∼0.5 (22, 23) . Mutation of residues that do not contribute to electrostatic binding is expected to result in little or no change in salt dependence (∆n ∼ 0).
Three lines of evidence suggest that the altered salt dependence upon mutation results from disruption of electrostatic interactions between the RNA and the endonuclease rather than salt-induced structural changes to the endonuclease or RNA in the complex. First, similar salt dependence profiles are observed for both a minimal specific substrate (the SRL) and nonspecific substrates (single-stranded substrates) (4), indicating that the observed salt dependence is independent of the RNA structure. Second, as demonstrated herein, the neutral mutation Y47F does not change the salt dependence (∆n ) 0), despite an ∼280-fold decrease in k 2 relative to that of the wild-type enzyme. Only mutations of charged residues lead to changes in the salt dependence (see below), suggesting that the salt inhibition reflects disruption of electrostatic interactions rather than structural rearrangements upon formation of the E:S complex. Third, comparison of crystal structures of restrictocin alone or in complex with substrate analogues reveals negligible structural changes in the protein.
It is unlikely that the changes in salt dependence arise from structural changes due to amino acid substitution. As alanine substitutions do not remove backbone atoms, changes to the protein structure are not expected (24, 25) . Consistent with this notion, replacement of three active site residues with glutamine (H49Q/E95Q/H136Q) was structurally isomorphous (M. J. Plantinga and C. C. Correll, unpublished observations).
Alanine mutants of cationic residues within the RNAprotein interface exhibit a shallower slope in their salt dependence plots (Table 1 and Figure 1 ). For three of the mutants, ∆n approaches unity: K110A has a ∆n of 0.8, K111A a ∆n of 0.7, and K113A a ∆n of 0.9. These residues (designated the lysine triad) cluster to form a highly positive patch in loop 4 (L4, residues 98-118) at the edge of the predicted RNA-protein interface ( Figure 1D ). In accord with the contribution of these three lysine residues to formation of the electrostatic E:S complex, they form a patch with the highest positive potential (Figure 2A) . The other mutants, K42A and H49A, have a smaller effect on salt dependence, with ∆n values of 0.4 and 0.3, respectively. K42 is found in loop 2 (L2, residues 36-48), near the lysine triad. H49 is located in the active site; the observed moderate decrease in the salt dependence for the H49A mutant supports the previous finding that this residue carries a partial charge in the ground-state complex (26) .
For the alanine mutants of anionic residues, D40A shows a steeper slope in the salt dependence plot (∆n ) -0.5) whereas D143A has the same salt dependence as wild-type restrictocin (∆n ) -0.1). D40 is located in L2 near K42 and the lysine triad in L4 ( Figure 1D ). The change in salt dependence for the D40A mutant is consistent with removal of an anionic residue increasing the net cationic character of the protein and thus strengthening electrostatic interactions with the anionic RNA substrate. In contrast, the lack of a change in the salt dependence for D143A demonstrates that this residue does not contribute electrostatically to formation of the E:S complex, although D143 is located near the active site. Our analysis of the salt dependence data for interface and noninterface mutants indicates that only mutations of charged residues located on the active site face exhibit significant changes in salt dependence (Table 1 and Figures 1 and 2) . Changes in salt dependence can result from disruption of direct and/or long-range electrostatic interactions. Mutation of residues outside the E:S interface does not alter the salt dependence, indicating that these residues form neither direct nor long-range electrostatic interactions with the substrate. In contrast, residues on the active site face alter the salt dependence when mutated, consistent with direct electrostatic interactions with the RNA substrate. These findings strongly support a model in which restrictocin uses its active site face to bind to its RNA substrate in the E:S complex, thereby facilitating subsequent specific recognition and cleavage.
To test whether formation of the E:S complex can be described by the nonlinear Poisson-Boltzmann (NLPB) model, we calculated salt dependencies for eight mutants ( Figure 3 and Materials and Methods). Kinetic studies indicate that the ground-state E:S complex is not a single structure but rather an ensemble that is partially represented by two restrictocin-substrate analogue cocrystal structures (4, 6, 7) . Thus, both structures were used for these calculations. The n calc values correlate well with experimental n values for complexes of point mutants ( Figure 3A) , and the ∆n calc values are independent of the structure used (Figure 3B). Importantly, the rank order of the change in salt dependence is the same for experimental and theoretical values. These results support the validity of these calculations and provide further evidence that the structures used provide a reasonable representation of the E:S complexes. In contrast, calculations do not agree with the experimental results for the noninterface R21D/K28D/K63D triple mutant; the ∆n calc is 3.0 for both structures, but the experimental ∆n is 0.2 (4). Half of the ∆n calc for the triple mutant arises from removal of the three positive charges via alanine substitutions (data not shown); the remaining half arises from addition of negative charges at these positions. Perhaps the large change in net charge for this mutant (-6) alters the RNA-protein interactions in the ensemble of E:S complexes enough to negate the relevance of the crystal structures used for the calculations.
DISCUSSION
Cleavage of SRL RNA by restrictocin occurs in at least two kinetically distinct steps (7). First, an electrostatic complex (E:S) forms, which has little dependence on substrate sequence or structure over the entire range of salt concentrations used herein. The enzyme achieves cleavage specificity at the second k 2 step, meaning that features of the SRL contribute to transition-state stabilization. Presumably, E:S undergoes a conformational change prior to or at the transition state to allow the SRL-specific interactions with restrictocin. Electrostatic interactions between the positively charged restrictocin surface and the negatively charged SRL RNA substrate allow rapid formation of the E:S complex in a characteristically salt-dependent manner (4, 7). Restrictocin could form this E:S complex nonspecifically, with any subset of its basic surface residues contributing to RNA substrate binding. Alternatively, the complex could form specifically, with a distinct subset of restrictocin residues contributing to substrate binding.
Here, we demonstrate that restrictocin forms the E:S complex with the SRL RNA using a distinct subset of basic residues on its active site face (Figure 1) . Mutation of cationic residues outside the putative interface does not affect the salt dependence of formation of the E:S complex, whereas mutation of cationic residues within the interface does. The lysine triad (K110, K111, and K113) makes the largest contributions to formation of the E:S complex, and these residues also make important contributions to catalysis (27) . Consistent with these observations, in one cocrystal structure, these residues sit close to the enlarged major groove of the bulged G motif, which harbors dense negative charge arising from compaction of the phosphodiester backbone in a manner that resembles an S-turn. Perhaps the electrostatic attraction between the three lysines (the site of highest positive electrostatic potential on the protein surface) and the bulged G motif serves to localize the substrate at the active site for subsequent docking and cleavage. As a precedent for such an interaction, a related S-turn was shown to contribute electrostatically to RNA-protein binding (23) .
The lysine triad near the active site likely contributes to formation of the restrictocin-ribosome E:S complex. Although we have not tested our mutants using ribosomes as substrates, binding of restrictocin to ribosomes shows an even stronger dependence on salt concentration than does binding of restrictocin to the SRL [n ) -9 and -4, respectively Figure 1D . Electrostatic potentials were calculated using APBS at 50 mM monovalent salt and displayed at 2.5 (blue) and -2.5 kT/e (red). (C and D) Isopotential contours mapped onto the bulged G face (C) and back face (D) of the SRL RNA; views are related by a 180°rotation. Electrostatic potentials were calculated using APBS at 50 mM monovalent salt and displayed at 7.5 (blue) and -7.5 kT/e (red).
(4)], indicating a greater contribution from electrostatic interactions in the restrictocin-ribosome E:S complex. Consistent with the greater salt dependence, mutation of charged residues located outside the active site face affects ribosome binding but not SRL binding, implicating additional contacts with the ribosome or long-range tertiary interactions. Of the three mutations outside the active site face, the one lying closest to the SRL-restrictocin interface had the largest effect on the salt dependence for ribosome cleavage. However, mutation of residues close to the putative E:S interface has a larger effect on the salt dependence than mutation of residues farther from the interface, consistent with restrictocin binding in an oriented fashion to the ribosome.
Previously, the most extensive comparison of experimental and theoretical salt dependence for an RNA-protein interaction involved fragments of the phage λ N protein and its cognate RNA. That analysis used experimental data for only two point mutants (28) . Building upon those previous studies, we have used the restrictocin-SRL system to obtain an expanded data set for comparison of theory with experiment. NLPB calculations are an accepted method for computing free energies of binding between nucleic acids and proteins. Our findings further demonstrate the usefulness of these calculations in predicting the contributions of residues to electrostatic interactions in RNA-protein complexes, even for RNA with a folded structure. In this report, we showed that each of the residues determined to contribute to formation of the E:S complex by experimental data was also identified by the NLPB calculations. Moreover, the calculations correctly identified the relative contribution of each mutant to formation of the E:S complex, from the smallest to the largest. Our computed ∆n calc values had little dependence on the solvent radius used, despite recent discussion of its possible significance (29) . We used a solvent radius of 1.6 Å instead of a van der Waals surface because it reproduced more closely the experimental n values (data not shown). Given the paucity of studies of correlations between the experimental and theoretical changes in salt dependence upon removal of a surface charge, more study is warranted. However, our findings support electrostatic NLPB calculations as a powerful approach to identify residues that contribute to binding in electrostatic RNA-protein complexes.
Electrostatic interactions can facilitate macromolecular recognition by enhancing the collision frequency of the binding partners and by orienting the binding partners for subsequent short-range interactions. These mechanisms occur for protein-protein complexes. For example, barnase and barstar associate via initial formation of an electrostatic complex followed by formation of specific short-range interactions (30) . We expect that many RNA binding proteins will exploit the polyanionic character of RNA to facilitate recognition via analogous electrostatic mechanism. For example, electrostatic interactions contribute to the binding of the U1A protein to the U1 hairpin II RNA, with basic residues enhancing RNA binding by increasing the rate of protein-RNA association (31) . Our work demonstrates that restrictocin uses its basic residues on its active site face for substrate binding via electrostatic interactions, thereby enhancing catalytic efficiency. Table 1 . The asterisks mark values for Y47F that are equal to zero and thus do not produce visible bars on the graph.
